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Euryhaline crabThis investigation discloses the recognition of an FXYD2 protein in a microsomal Na,K-ATPase preparation
from the posterior gills of the blue crab, Callinectes danae, by a mammalian (rabbit) FXYD2 peptide speciﬁc
antibody (γC33) and MALDI-TOF–TOF mass spectrometry techniques. This is the ﬁrst demonstration of an
invertebrate FXYD2 protein. The addition of exogenous pig FXYD2 peptide to the crab gill microsomal
fraction stimulated Na,K-ATPase activity in a dose-dependent manner. Exogenous pig FXYD2 also consider-
ably increased enzyme afﬁnity for K+, ATP and NH4+. K0.5 for Na+ was unaffected. Exogenous pig FXYD2 in-
creased the Vmax for stimulation of gill Na,K-ATPase activity by Na+, K+ and ATP, by 30% to 40%. The crab gill
FXYD2 is phosphorylated by PKA, suggesting a regulatory function similar to that known for the mammalian
enzyme. The PKA-phosphorylated pig FXYD2 peptide stimulated the crab gill Na,K-ATPase activity by 80%,
about 2-fold greater than did the non-phosphorylated peptide. Stimulation by the PKC-phosphorylated pig
FXYD2 peptide was minimal. These ﬁndings conﬁrm the presence of an FXYD2 peptide in the crab gill Na,
K-ATPase and demonstrate that this peptide plays an important role in regulating enzyme activity.
© 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Na,K-ATPase (E.C.3.6.1.37), or sodium pump, belongs to the P2c-
ATPase family, the alkali metal cation pumps and phospholipid trans-
locases, and forms an acyl-phosphate intermediate during its reaction
cycle [1,2]. The Na,K-ATPase establishes and maintains the plasma
membrane resting potential in animal cells, achieved by coupling
the energy of ATP hydrolysis with the asymmetrical active transport
of 3 Na+ out of, and 2 K+ into, the cell cytoplasm across the plasma
membrane [3,4]. This process consumes 10% to 40% of a cell's entire
ATP production in the resting state [5,6] and provides an electro-
chemical gradient that forms the basis of neuronal communication,
muscle contraction and osmotic regulation of cell volume. The elec-
trochemical Na+ gradient is also employed in the secondary transport
of glucose, amino acids, iodine, vitamins and other molecules during
cell nutrition [7,8]., Prédio do CCS, Bloco H2-26,
Rio de Janeiro, Brazil. Tel.: +55
es).
evier OA license.Na,K-ATPase consists of α, β and γ subunits, the latter being func-
tionally expressed only in kidney cells [2,9]. The α-subunit or catalytic
subunit has an Mr of 95,000‐110,000 and consists of ten transmem-
brane segments (M1–M10). This well conserved subunit contains the
nucleotide binding site, the speciﬁc inhibitor (ouabain) binding site,
the cation (Na+, K+, Mg2+ and NH4+) binding sites and the protein
kinase phosphorylation domains [10]. The β-subunit is a highly glyco-
sylated, single span, type II membrane protein with a molecular mass
of 55–60 kDa [11]. This subunit regulates the expression and functional
maturation of the enzyme complex and acts as a chaperone that con-
trols enzyme release from the endoplasmic reticulum and assembly at
the plasma membrane [12]. The γ subunit is also a single span mem-
brane protein consisting of 64–70 amino acid residues (molecular
mass of 6.5–7.5 kDa). This subunit (FXYD2 peptide) harbors the FXYD
motif, and this includes it in the FXYD family, a group of small amphi-
philic peptides that regulate the Na,K-ATPase [13]. The FXYD2 peptide
is a Na,K-ATPase activator that increases enzyme Vmax for both catalytic
and regulatory ATP sites without signiﬁcant change in ATP afﬁnity
[14]. Incubation of pig kidney medulla Na,K-ATPase with the PKA-
phosphorylated form of FXYD2 increases ATP hydrolysis rate by 4-fold
under optimal Na+ and K+ concentrations [14]. FXYD2 also modulates
apparent afﬁnity for Na+ at high K+ concentrations, which may result
from increased competition between Na+ and K+ for the cytoplasmic
2589E.CC. Silva et al. / Biochimica et Biophysica Acta 1818 (2012) 2588–2597Na+ sites [15,16]. Further, FXYD2-deﬁcient Na,K-ATPase puriﬁed from
FXYD2 knockoutmice exhibits a higher Na+ afﬁnity [17], corroborating
the effect of FXYD2 on Na+ afﬁnity. In addition to FXYD2, other FXYD
family members, including phospholemman (FXYD1), mammary
tumor antigen-8 (FXYD3), corticosteroid hormone induced factor
CHIF (FXYD4), RIC (FXYD5), phosphohippolin (FXYD6), brain-speciﬁc
regulator (FXYD7) and Squallus acanthias phospholemman-like protein-
PLMS (FXYD10), variously affect P-type ATPases [13,18–20]. Given
the cross-reactions that occur between different FXYD peptides during
P-type ATPase regulation, the docking site for FXYD peptides on the
α-subunit appears to be highly conserved among different ATPases
[21]. Nevertheless, the FXYD2 peptide has not been linked to the regu-
lation of invertebrate Na,K-ATPases, or with the regulation of the crus-
tacean gill Na,K-ATPase, a particularly well investigated model.
Crustaceans inhabit an extensive variety of biotopes, and many
groups have radiated successfully from the ancestral marine habitat
into brackish and fresh waters. The intertidal, estuarine and freshwater
biotopes are among the most osmotically challenging environments,
and the establishment of the Crustacea in such habitats derives from
the evolution of adaptive strategies of osmotic and ionic regulation [22].
Euryhaline crustaceans like brachyuran crabs adjust to ambient
salinity changes employing an efﬁcient ensemble of posterior gill ion
transporters that maintains hemolymph osmolality and ion concentra-
tions within a range compatible with normal cell function. Callinectes
danae Smith 1869 is a hyperosmoregulating euryhaline swimming
crab that inhabits a wide range of ambient salinities and is distributed
from Florida, USA to southern Brazil [23,24]. The crabs occur on silt/
sand substrates and migrate freely among water masses of moderate
salinity (28 to 35‰), often impacted by freshwater runoff during the
rainy southern summer [25]. The principal mechanism of active Na+ up-
take by the posterior gills of such euryhaline crabs is rooted in the driving
force of the Na,K-ATPase located in the basal membranes of the gill epi-
thelial ionocytes [26]. In isolated perfused blue crab gills, ouabain inhibits
more than 50% of Na+ uptake to the hemolymph [27], a process that in-
volves the coordinated functioning of apical Na+/H+, Na+/NH4+ and
Cl−/HCO3− antiporters, an apical Na+/K+/2Cl− symporter and K+ chan-
nels, togetherwith the basal Na,K-ATPase and basal Cl− and K+ channels
[28–31]. Na+ inﬂux may also proceed through an apical Na+/NH4+ or
Na+/H+ exchanger coupled to V(H+)-ATPase activity that traps NH4+
in intracellular vesicles [32,33]. All these asymmetrically arrayed mem-
brane transporters underpinNa+, K+andCl−uptake andNH4+excretion
[33–35] and there is a close relationship between Na,K-ATPase speciﬁc
activity and the amplitude of transepithelial Na+ ﬂux [28,34,36,37].
Many investigations have shown thatNa,K-ATPase activity increases
during acclimation of hyperosmoregulating crabs to dilute media.
Western-blotting studies reveal an increase in Na,K-ATPase α-subunit
abundance in gill cell membranes from Carcinus maenas acclimated to
low salinity [28,34,38]while the abundance and activity of Na,K-ATPase
from the posterior gills of Callinectes sapidus likewise increase [39]. In
contrast, Na,K-ATPase activity decreases in such crabs in high salinity
media [40], a condition in which intracellular polyamines that inhibit
the Na,K-ATPase increase [41,42]. However, despite extensive investi-
gations of the Na,K-ATPase in crabs during salinity acclimation, very lit-
tle is known of the mechanisms of physiological regulation, although
polyamines [41,42], methyl farnesoate [43] and second messengers
like cyclic AMP [38] may be involved.
The FXYD2 peptide can regulate mammalian kidney Na,K-ATPase
[14,44], and hyposmotic challenge affects FXYD2 peptide mRNA levels
in pig kidney outermedulla and in gills of the Atlantic salmon, suggesting
that such peptides might play a role in osmoregulatory adjustment [45].
To evaluate whether a similar mechanism might reside in osmo-
regulating euryhaline crabs, we probed for the presence of an FXYD2
peptide in a microsomal Na,K-ATPase preparation from the posterior
gills of the blue crab, C. danae, and evaluated whether gill Na,K-ATPase
activity in C. danae can be regulated by an exogenous phosphorylated
mammalian FXYD2 peptide.2. Material and methods
2.1. Reagents
All solutions were prepared using Millipore MilliQ ultrapure,
apyrogenic water and all reagents were of the highest purity commer-
cially available. Ouabain, p-nitrophenyl phosphate di-tris salt (PNPP),
ATP sodium salt, Bis-Tris-propane (BTP), dibutyryl cyclic AMP (db-
cyclic AMP), phorbol-12 myristate-13 acetate (PMA), and alamethicin
were obtained from Sigma Chemical Co. (St. Louis, MO, USA). [32P]Pi
was from the Brazilian Atomic Energy Institute (IPEN). The enzymes
used in the synthesis of [γ-32P]ATP (glyceraldehyde-3-phosphate dehy-
drogenase, glycerol-3-phosphate dehydrogenase, triose-phosphate-
isomerase, 3-phosphoglycerate kinase, and lactate dehydrogenase)
were from Boehringer Mannheim (Darmstadt, Germany). The ECL-
direct and the anti-rabbit antibodieswere fromPierce (Rockford, IL, USA).
2.2. Gill excision
Adult intermolt specimens of C. danae were collected using double
rig trawl nets from Ubatuba Bay (23° 26′ S; 45° 02′ W), São Paulo
State, Brazil. The crabs were transported to the laboratory and held in
tanks containing aerated seawater (35‰ salinity) where they were ac-
climated for seven days at 25 °C, and fed on alternate days with shrimp
tails. The crabs weighed 82.6±17.3 g with a carapace width of 86 to
93 mm. For each different gill homogenate prepared, 5–8 crabs were
anesthetized by chilling in crushed ice for 5 min. The carapace was
quickly removed and the crabs were killed by destroying the cerebral
and ventral ganglia. The posterior gill pairs (6, 7 and 8) were excised
andplaced in 10 mL ice-cold 20 mMimidazole buffer, pH 6.8, containing
250mMsucrose, 6 mMEDTA (homogenization buffer) and a proteinase
inhibitor cocktail (1 mM benzamidine, 5 μM antipain, 5 μM leupeptin,
1 μM pepstatin A and 5 μM phenyl–methyl–sulphonyl ﬂuoride).
2.3. Preparation of the gill microsomal fraction
The three posterior gill pairs were immediately diced with small
scissors, transferred to a small Potter homogenizer and homogenized
in a homogenization buffer (20 mL/g of wet tissue). After centrifuging
the crude extract at 20,000 ×g for 30 min at 4 °C, the supernatant was
removed and reserved on an ice bath. The pellet was resuspended in
an equal volume of homogenization buffer, homogenized and after
further centrifugation as above the two supernatants were pooled
and centrifuged at 100,000 ×g for 2 h at 4 °C. This microsomal fraction
contains plasma membrane vesicles and also endoplasmic reticulum
vesicles (microsomes). Finally, the pellet was homogenized in a buff-
er containing 20 mM imidazole, pH 6.8 plus 250 mM sucrose, and
0.5-mL aliquots were frozen in liquid nitrogen and stored at −20 °C.
No loss of activity was observed after 3 months’ storage.
2.4. Measurement of protein concentration
Small amounts ofmicrosomal preparationwere used tomeasure pro-
tein concentration according to Ref. [46]. Bovine serum albumin was
used as a standard.
2.5. Measurement of steady-state ATPase and p-nitrophenyl phosphatase
activities
ATPase and p-nitrophenyl phosphatase activities were measured
using ATP and PNPP as the substrates, respectively, as described by [37].
2.6. Synthesis of [γ-32P]ATP
Synthesis of [γ-32P]ATP was performed as described by Ref. [47] as
modiﬁed by Ref. [48].
Table 1
Effect of exogenous pig FXYD2 peptide on kinetic parameters of C. danae gill Na,K-ATPase.
Steady-state kinetic data were analyzed using Sigmaplot 8.0 software. Data are given as
the mean±SD for parameters calculated from three independent curves (N=3), using
the equation given in the Material and methods. Vmax (nmol Pi/mg/min), Km (μM), K0,5
(mM) and nH respectively represent the maximum velocity, Michaelis–Menten constant,
apparent dissociation constant and Hill number.
Modulator Without FXYD2 With FXYD2
Na+ Vmax 117.23±4.36 Vmax 162.49±5.58
K0.5 6.25±0.31 K0.5 5.91±0.57
nH 1.9 nH 1.5
K+ Vmax 132.0±8.5 Vmax 184.34±5.5
K0.5 1.98±0.09 K0.5 0.9±0.10
nH 0.7 nH 1.0
NH4+ Vmax 196.6±3.63 Vmax 175.7±2.589
K0.5 9.62±1.01 K0.5 1.09±0.78
nH 1.1 nH 2.3
ATP Vmax 125.16±5.2 Vmax 162.19±7.4
Km 55±4.3 Km 35±5.8
2590 E.CC. Silva et al. / Biochimica et Biophysica Acta 1818 (2012) 2588–25972.7. FXYD2-subunit extraction
Aliquots (250 μL) containing 1.02 mg Na,K-ATPase puriﬁed from
pig kidney outer medulla were diluted 16-fold at room temperature
with a mixture of methanol:chloroform:ammonium bicarbonate, pH
7.8 (46%:46%:8%, v:v:v). The resulting suspension was centrifuged
for 2 min at 570×g and the γ-subunit rich clear supernatant was dried
in a heat block (40 °C) under a nitrogen stream. Finally, the dry matter
was suspended in 300 μL of the buffer used to estimate the Na,K-ATPase
activity (see below). The same procedure was employed to extract a
200‐μL aliquot of the C. danae preparation, in order to prepare samples
to mass spectrometry analyses, in which the dry matter was suspended
in 50% acetronitrile, 50% methanol (v/v) and co-crystallized with
α-cyano-4-hydroxycinnamic acid matrix (CHCA) (10 mg/mL CHCA in
50% acetonitrile, 0.3 (v/v) TFA in water directly on the mass spectrom-
eter MALDI plates.
2.8. Chloroform/methanol extraction of the kinase-driven phosphorylated
form of pig kidney outer medulla FXYD2
Puriﬁed native pig kidney enzyme (900 μg) was preincubated for
5 min at 27 °C with speciﬁc PKA or PKC activators or inhibitors to start
the respective endogenous phosphorylation according to Ref. [14].
Phosphorylation was performed for 60 min at 27 °C and the medium
was then extracted with chloroform/methanol (1:1, v/v) as described
by Refs. [49] and [44].
2.9. Phosphorylation of FXYD by endogenous PKA from the C. danae gill
preparation
SDS-PAGE analysis of the phosphorylated protein was performed
according to Ref. [50] in a 4% stacking gel and a 15% resolution gel,
using 20 mA constant current, followed by staining with colloidal
Coomassie blue. Samples (20 μg/mL) of PKA-phosphorylated Na,K-
ATPase in 20 mM Hepes pH 7.4, containing 100 mM KCl, 1 mM EGTA,
10 mM MgCl2, 1 mM DTT, 660 nM chelerythrine–Cl (PKC inhibitor),
and increasing concentrations of db-cyclic AMP (0, 0.5, 1, 2, 3 and
5 mM) were layered in separate lanes. For each lane containing the
speciﬁed db-cyclic AMP concentration, a parallel lane was layered
with the sample plus 140 nMH-89 (PKA inhibitor) as a control. The ex-
periments were performed in the absence of Triton X-100, which is un-
necessary for phosphorylation by PKA of the FXYD2 peptide from pig
kidney outer medulla Na,K-ATPase [14]. The C. danaemicrosomal prep-
aration was incubated for 10 min with PKA phosphorylation medium
as described above; the phosphorylation reactionwas started by adding
0.2 mM[γ-32P]ATP (speciﬁc activity of 800,000 cpm/nmol) and stopped
after 1 h by adding four volumes of electrophoresis buffer.
2.10. Estimation of Na,K-ATPase activity
The Na,K-ATPase activity was assayed by measuring the release of
32Pi from [γ-32P]ATP hydrolyzed by the enzyme as described by Refs.
[49] and [51]. Brieﬂy, 5 μg aliquots of the microsomal preparation
were diluted to a ﬁnal volume of 0.5 mL in 50 mM BTP–HCl, pH 7.5,
100 mM NaCl, 10 mM KCl and 3 mM MgCl2. The reaction was initiated
by the addition of 2 mM ATP/[γ-32P]ATP (speciﬁc activity of 1500 cpm/
nmol) and allowed to proceed for 30–40 min at 25 °C. The reaction
was stopped by the addition of 0.2 mL 0.4 M perchloric acid and the
tubes were placed in an ice bath. After the addition of 0.5 mL of ice-
cold water and 400 μL of activated charcoal, the tubes were centrifuged
at 2000 rpm for 5 min, and 0.8 mL of supernatant was then collected
with a Pasteur pipette and spotted on a ﬁlter paper disk. The 32Pi
released was quantiﬁed by liquid scintillation counting in a Packard
Tri-Carb 2100 LSC scintillation counter. All measurements were per-
formed without and with 2 mM ouabain, the difference in activity
corresponding to Na,K-ATPase activity. Our preparation exhibits anATPase activity of 120 to 190 nmol/mg/min with an ouabain-inhibitable
fraction as high as 90% of total ATPase activity.
The effect of FXYD2 peptide on Na,K-ATPase activity was performed
as above after preincubating the enzyme with FXYD2 (enzyme to
FXYD2 ratio=1:2, v/v) for 20 min.
2.11. Electrophoresis and Western-blotting using the anti-FXYD2 γC33
antibody
Tricine-based SDS‐PAGE assays of highly puriﬁed pig kidney outer
medulla Na,K-ATPase and C. danae gill Na,K-ATPase preparations were
performed using a 16.5% separating gel and a 4% stacking gel as de-
scribed by Ref. [52]. After the run the gel was split: one-half was stained
with colloidal Coomassie blue and the otherwas electroblotted on a Bio-
Rad semi-dry apparatus using PVDF membranes [53]. The PVDF mem-
branes were incubated with a γC33 rabbit antiserum (1:5000 dilution,
polyclonal antibody speciﬁc for Na,K-ATPase FXYD2) for 1 h at 37 °C.
The rabbit antiserum was produced against the ﬁnal ten amino acids
of rat C-terminal FXYD2 and can detect this peptide at 0.5 μg/lane of
unpuriﬁed kidney microsomes from rat, pig, dog, mouse and human
preparations. Incorporation of the speciﬁc antibody was revealed
employing an ECL-direct, anti-rabbit, luminescence kit using a proce-
dure slightly modiﬁed from Ref. [54].
2.12. Kinetic analyses
Data were ﬁtted usingMichaelis–Menten and Hill equations (kinet-
ics module, Sigmaplot 8.0 for Windows) considering two ATP binding
sites as follows: v=(Vmax1[S]1/Km1+[S]1)+(Vmax2[S]2/Km2+[S]2).
The curves presented are those that best ﬁt the experimental data.
The kinetic parameters provided in Table 1 are calculated values and
are given as the mean±SD from at least three different C. danae gill
microsomal preparations (N≥3). In the case of NH4+-stimulated ATP
hydrolysis the kinetic parameters were calculated using SigrafW [55].
2.13. In gel tryptic digestion
We submitted the C. danae microsomal preparation to a 15% SDS-
PAGE (20 mA constant current) in which the ﬁrst lane was a sample
with pre-stained low-range mol. weight standards (Biorad) and the
other nine remaining unstained lanes were cut at 6–7 kDa apparent
mol. weight (using aprotinin as marker). The 6–7 kDa protein was
digested and extracted as described below: protein was excised from
the gel and transferred to 0.5 mL tubes and cut into small pieces and
washed with 350 μL of water for 5 min. Then, water was removed and
gel was dehydrated by the addition of 190 μL of acetonitrile for 20 min
Fig. 1. Immunodetection of FXYD2 protein and endogenous phosphorylation by PKA of
crab FXYD2 peptide.A—Western-blot of C. danae gill microsomal fraction using an anti-
FXYD2 polyclonal antibody. SDS-PAGE, transfer to PVDF membranes and membrane
staining are given in the Material and methods. Lane 1, 10 μL chloroform: methanol-
extracted pig kidney outer medulla FXYD2; lane 2, 5 μg pig kidney outer medulla Na,
K-ATPase preparation; lanes 3, 4 and 5, 30 μg, 20 μg and 5 μg C. danae gill microsomal
Na,K-ATPase.B—Endogenous phosphorylation by PKA of FXYD2 from C. danae gill mi-
crosomal fraction. The Na,K-ATPase was incubated in PKA phosphorylation medium
using [γ-32P]ATP at different db-cyclic AMP concentrations and 1 μM chelerythrine
chloride (see Material and methods). Lanes 1 and 2, in the presence of 2 mM db-
cyclic AMP; lane 3, same as above plus 200 nM H-89; lanes 4 and 5, in the presence
of 5 mM db-cyclic AMP; lane 6, 5 mM db-cyclic AMP plus 200 nM H-89; lane 7,
in the presence of 0.5 mM db-cyclic AMP; lane 8, 0.5 mM db-cyclic AMP plus 200 nM
H-89. Autoradiography was performed using a STORM 820 phosphorimager apparatus
and ImageQuantTM software.C—MALDI-TOF analyses (linear mode) of the CM-
extracted FXYD protein from C. danae preparation.D—MALDI-TOF–TOF analyses (posi-
tive reﬂector mode) of the peptides generated after the in gel tryptic digestion of the
unstained 6–7 kDa band. After one 15% SDS-PAGE eletrophoresis the peptide found
at the 6–7 kDa region was submitted to in gel trypsin digestion (see Material and
methods) and the resulting peptides were analyzed by mass spectrometry. Arrows
indicates the non-autolytic trypsin peptides.E—MALDI-TOF–TOF analyses (MS–MS re-
ﬂector mode) of the peptide with 1523 Da generated after in gel trypsin digestion of
the 6–7 kDa apparent molecular weight band. This ﬁgure shows the results of tandem
MS–MS spectrum which was used to determine the four combinations of 8 aminoacid
sequences possible to be assigned through the manual interpretation of the spectrum
(text box highlighted in color). Each residue position is assigned in red color. Dashed
lines indicate each mass interval observed in the MS–MS spectrum.
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completely dried in a vacuum centrifuge. The gel was rehydrated with
100 μL of 65 mM DTT for 30 min at 56 °C, DTT was removed and the
sample was alkylated with 100 μL of 200 mM iodoacetamide for
30 min. All reagents were removed and 200 μL of 100 mM ammonium
bicarbonate pH 8.0 was added for 10 min. The reagents were removed
again and gel was dehydrated by the addition of 200 μL of 100% aceto-
nitrile. Then the sampleswere completely dried in a vacuum centrifuge.
The sample was rehydrated with approximately 15 μL of ice-cold tryp-
sin solution (20 ng/μL in 50 mM ammonium bicarbonate pH 8.0) and
rested on ice during 60 min. After gel swelling, 20 μL of 40 mM ammo-
nium bicarbonate pH 8.0 was added and the incubation was allowed to
proceed for 30 min at 58 °C. The reaction was stopped by the addition
of 1 μL of 5% formic acid. Following digestion, the peptideswere extracted
twice by the addition of 30 μL of 50% acetonitrile and 5% formic acid and
submitted to ultrasound during 10 min and the extract was transferred
to Eppendorf tubes. The sample was concentrated in a vacuum centri-
fuge to a ﬁnal volume of 10 μL.
2.14. Sample desalting
Sample desalting C18 ZipTip micropipette tips (Millipore, Bedford,
USA) were used for desalting of the peptides. The tips were ﬁrst activat-
edwith acetonitrile and then equilibrated with 0.1% (v/v) triﬂuoroacetic
acid (TFA) in water. The samples were aspirated and dispensed eight
times and the tips were washed 8 times with 0.1% (v/v) TFA in water.
The peptides retained in the tips were eluted with 1.5 μL of 60% acetoni-
trile plus 0.1% (v/v) TFA in water. The eluate (0.3 μL) was immediately
spotted on the ABI 384-target MALDI plate (AB SCIEX, USA) by co-
crystallization with 0.3 μL of the α-cyano-4-hydroxycinnamic acid ma-
trix (CHCA) (10 mg/mLCHCA in 50% acetonitrile, 0.3 (v/v) TFA inwater).
2.15. Mass spectrometry analyses
The native mass of the C. danae FXYD protein and sequence identiﬁ-
cation of the peptide digests were obtained on an AB SCIEX TOF/TOF™
5800 System. Native mass was obtained in positive linear mode. Exter-
nal calibration in linear mode was performed using aprotinin (average
mass of 6.5 kDa). Both MS and MS/MS data were acquired in positive
reﬂectron mode. Up to ten of the most intense ion signals with a
signal-to-noise ratio above 30 were selected as the precursors for MS/
MS. External calibration in MS mode was performed using a mixture
of four peptides: des-Arg1-Bradykinin (m/z=904.47), angiotensin I
(m/z=1296.69), Glu1-ﬁbrinopeptide B (m/z=1570.68) and ACTH
(18–39) (m/z=2465.20). MS/MS spectra were externally calibrated
using known fragment ion masses observed in the MS/MS spectrum of
Glu1-ﬁbrinopeptides B. In this work MS/MS analysis was performed
manually.
3. Results
3.1. Immunodetection, phosphorylation by endogenous PKA and identiﬁ-
cation of the C. danae gill FXYD2 peptide employing mass spectrometry
techniques
Positive immunodetection of an FXYD2 peptide in the C. danae gill
preparation using the rabbit γC33 antibody and its endogenous phos-
phorylation by PKA are shown in Fig. 1. Western-blotting (Fig. 1A) re-
veals a fast-moving protein of about Mr 7 kDa from the C. danae Na,K-
ATPase (lanes 3, 4 and 5), comparable to those from pig kidney outer
medulla (lane 2) and chloroform/methanol-extracted pig kidney
FXYD2 (lane 1). The crab protein also exhibits a very similar doublet-
like arrangement.
The FXYD2 peptide present in the C. danae gill preparation was
readily phosphorylated by endogenous PKA (Fig. 1B). Incubation with
the PKA activator db-cyclic AMP and 1 μM chelerythrine, a selectivePKC inhibitor, results in radiolabeling of a 6.5 kDa peptide (lanes 1, 2,
4, 5 and 7). The proportional increase in signal with increasing db-
cAMP concentrations suggests the PKA-speciﬁc phosphorylation of the
FXYD2 peptide. Incubation with 200 nM H-89, a speciﬁc PKA inhibitor,
suppressed phosphorylation under all conditions (lanes 3, 6 and 8).
Fig. 1C describes the results of MALDI-TOF–TOF mass spectrometry
analyses of the CM-extracted FXYD from C. danae gill preparation,
using linear mode, the sample only displays one main peptide with a
mass of 5976 Da with a smaller peak at 5446 Da. Both masses are fully
compatiblewith the results obtained in Fig. 1A and B inwhich a doublet
seems to appear in the western-blot images. No other peptides or pro-
teins were detected by MALDI-TOF–TOF in those samples, as expected.
Fig. 1D depicts the results obtained after an in gel tryptic digestion of
the peptide material which was subsequently eluted from 15% SDS-
PAGE eletrophoresis (see Material and methods section for more
Fig. 1 (continued).
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Prospector) to generate an in silico digestion of the Sus scrofa FXYD2
just to guide us what we could expect in terms of size of the fragments.
TheMALDI-TOF–TOF run of the digestion in reﬂectronmode gave us two
peptides (non-autolytic trypsin peptides) one with 1372 Da and the
other with 1523 Da (Fig. 1D), which were fully compatible with thefragmentation results which were obtained with in silico digestion (data
not shown). These two trypsin digestion peptides were submitted to
MS–MS reﬂectron analyses to generate data for sequencing. The ﬁrst
fragment (1372 Da) was entirely fragmented by the laser beam, but its
immonium ions composition coincidentally contains all the aminoacids
expected for the sequence which includes the FXYD domain and also
Fig. 2. Effect of exogenous pig FXYD2 peptide on activity of Na,K-ATPase from the C. danae
gill microsomal preparation.The gill microsomal preparation was preincubated with the
indicated volumes of mammalian FXYD2 peptide for 20 min, and Na,K-ATPase activity
was assayed in a medium containing 0.5 M BTP–HCl, pH 7.5, 100 mM NaCl, 10 mM KCl,
and 3 mM MgCl2. The reaction was started by adding 2 mM [γ-32P]ATP (see Material
andmethods). Data are themean±standard error of four (N=4) experiments performed
in triplicate.
Fig. 4. Effect of exogenous pig FXYD2peptide on K+ stimulation of Na,K-ATPase activity in
C. danae gill microsomal preparation.The gill microsomal preparation was preincubated
with pig FXYD2 peptide for 20 min as described in Fig. 3. The reaction was performed
for 40 min as described in Fig. 2 using increasing KCl concentrations and was started by
adding 2 mM [γ-32P]ATP. The 32Pi released by [γ-32P]ATP hydrolysis was measured as
described in the Material and methods. Data are given as the mean±standard error of
ﬁve experiments (N=5) performed in triplicate. (●) no FXYD2. (○) added exogenous
pig FXYD2.
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shown). The second peptide (1523 Da) exhibited a better fragmenta-
tion pattern which was suitable to perform sequencing. We were able
to assign four possible sequences of 8–9 aminoacids (Fig. 1E). We
used the software Clustal W from the ExPASy server to perform an
alignment with several FXYD2 sources. Three of them (KKRCFVRR;
KKRCFRVR and KKRFCVRR) aligned with the putative protein kinase
phosphorylation site, conserved in several sources of FXYD2 and also
present in other forms of FXYDs as FXYD1 and FXYD7. Taken together,
these ﬁndings ﬁrmly establish the presence of an FXYD2 peptide in
the C. danae gill microsomal preparation.
3.2. Effect of pig kidney FXYD2 peptide on C. danae gill microsomal Na,K-
ATPase activity
The crab gill Na,K-ATPase in the microsomal preparation repre-
sents just 1% of the total protein compared to 75% for the pig kidney.
Thus, Na,K-ATPase activity in C. danaewas examined using increasing
concentrations of pig kidney FXYD2 peptide, which stimulated the
crab Na,K-ATPase activity up to 40% (Fig. 2). Activation is FXYD2 con-
centration dependent and saturation is achieved with a large molarFig. 3. Effect of exogenous pig FXYD2 peptide on Na+ stimulation of Na,K-ATPase activity
in C. danae gillmicrosomal preparation.The gillmicrosomal preparationwas preincubated
for 20 minwith a largemolar excess of chloroform: methanol‐extracted pig FXYD2 (20 μL
FXYD2: 20 μg C. danae gillmicrosomal fraction). The reactionwas performed for 40 min as
described in Fig. 2 using increasing NaCl concentrations and was started by adding 2 mM
[γ-32P]ATP. The 32Pi released by [γ-32P]ATP hydrolysis was measured as described in the
Material and methods. Data are given as the mean±standard error of four experiments
(N=4) performed in triplicate. (●) no FXYD2. (○) added exogenous pig FXYD2.excess of pig kidney FXYD2. Thus, an FXYD2 binding site is present
on the C. danae Na,K-ATPase that recognizes pig FXYD2 peptide,
suggesting the FXYD2 binding site to be fairly well conserved. In con-
trol experiments, adding the aqueous residue of the FXYD2 extraction
buffer (no FXYD2) did not stimulate the C. danae gill Na,K-ATPase
(data not shown).
Fig. 3 shows the effect of added pig kidney FXYD2 peptide on
modulation of C. danae Na,K-ATPase activity by Na+. FXYD2 stimu-
lates Na+-dependent ouabain‐sensitive ATP hydrolysis by ≈40%
from 117.23±2.36 nmol Pi/min/mg to 162.49±5.58 nmol Pi/min/mg
without affecting apparent afﬁnity for Na+, corroborating the data
shown in Fig. 2. Addition of FXYD2 did not affect Hill number, always
greater than 1 for the Na+ interaction, suggesting positive coopera-
tivity. The lack of effect of FXYD2 on Na+ afﬁnity is consistent with a
V-type effect of the FXYD2 peptide.
The effect of FXYD2 on ATP hydrolysis at increasing K+ concentra-
tions is given in Fig. 4. In the presence of FXYD2, the ATP hydrolysis
curve obeyed Michaelian behavior (nH=1.0), showing≈30% stimula-
tion. In contrast to stimulation by Na+, the addition of FXYD2 increasedFig. 5. Effect of exogenous pig FXYD2 peptide on substrate apparent afﬁnity of the Na,
K-ATPase in C. danae gill microsomal preparation.The gill microsomal preparation was
preincubated with pig FXYD2 peptide for 20 min as described in Fig. 3. The reaction
was performed for 40 min as described in Fig. 2 using increasing ATP concentrations.
The reaction was started by adding [γ-32P]ATP with suitable speciﬁc activities during
time intervals previously established to assure initial velocity conditions. The 32Pi released
by [γ-32P]ATP hydrolysis was measured as described in the Material and methods. Data
are given as the mean±standard error of four experiments (N=4) performed in tripli-
cate. (●) no FXYD2. (○) added exogenous pig FXYD2.
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0.9±0.1 mM.
The effect of added FXYD2 on an ATP activation curve by the Na,K-
ATPase was also evaluated (Fig. 5). Vmax was stimulated by 30%, from
125.1±5.2 to 162.1±74.0 nmol Pi/min/mg protein by FXYD2 (20 μL).
FXYD2 caused a slight increase in ATP afﬁnity, Km for ATP dropping
from 55.0±4.3 μM to 35.0±5.8 μM. Further, FXYD2 did not affect the
Vmax for the stimulation by NH4+ of C. danae gill ATPase (Fig. 6). How-
ever, the addition of FXYD2 did cause a 10-fold increase in NH4+ appar-
ent afﬁnity, K0,5 decreasing from 9.62±1.01 mM to 1.09±0.78 mM.
FXYD2 also increased nH values from 1.1 to 2.3, suggesting an alteration
from Michaelis–Menten to cooperative kinetics.
The main effects of FXYD2 on the kinetic parameters of the C. danae
Na,K-ATPase for cation and substrate afﬁnities are given in Table 1.
3.3. Effect of pig kidney FXYD2 peptide phosphorylated by endogenous
protein kinases on C. danae gill Na,K-ATPase activity
Fig. 7 shows the effect of pig FXYD2 peptide phosphorylated by PKA
or PKC on the C. danae gill Na,K-ATPase. Phosphorylation of FXYD2 by
PKA stimulated ATP hydrolysis by≈90%, two-fold greater than that in-
duced by non-phosphorylated FXYD2 (see Fig. 2). In contrast, FXYD2
phosphorylation by endogenous PKC stimulated ATP hydrolysis only
slightly by≈15%, less than that seen with non-phosphorylated FXYD2
(see Fig. 2).
4. Discussion
This investigation discloses the presence of an FXYD2 protein in a
microsomal Na,K-ATPase preparation from the posterior gills of the
crab C. danae, and is the ﬁrst demonstration of an FXYD2 protein in
an invertebrate. Further, this FXYD2 peptide is phosphorylated by
PKA but not by PKC, suggesting regulation of the crab gill Na,K-ATPase
much as seen for the mammalian enzyme [56]. Although well known,
the regulatory phosphorylation of mammalian Na,K-ATPase by PKA is
still controversial [56], since phosphorylation of the enzyme by PKA
requires Triton X-100 to unmask the Ser943 residue [57]. However,
Na,K-ATPase α-subunit and FXYD2 phosphorylation by endogenous
or added synthetic PKA is independent of Triton X-100 [14].
Despite the plethora of ﬁndings concerning hormonal control and
protein kinase modulation of the mammalian Na,K-ATPase [58,59],
scant information is available regarding hormonally-regulated, kinase-
driven phosphorylation processes for the crustacean gill Na,K-ATPase,
although acclimation to dilute media does increase cyclic AMP levelsFig. 6. Effect of exogenous pig FXYD2peptide onNH4+ stimulationofNa,K-ATPase inC. danae
gill microsomal preparation.The gill microsomal preparation was preincubated with pig
FXYD2 peptide for 20 min as described in Fig. 3. The reaction was performed for 40 min as
described in Fig. 2 using increasing NH4Cl concentrations and was started by adding 2mM
[γ-32P]ATP. The 32Pi released by [γ-32P]ATP hydrolysis was measured as described in the
Material and methods. Data are given as the mean±standard error of four experiments
(N=4) performed in triplicate. (●) no FXYD2. (○) added exogenous pig FXYD2.[60]. While the C. danae α-subunit was not phosphorylated without
Triton X-100 (see Fig. 1B), a small radiolabeled band of≈6.5 kDa, was
detected in the presence of db-cAMP (compare lanes 1 with 2, 4 and 5
in Fig. 1A). This doublet-shaped band has an apparent molecular mass
similar to those highlighted by the γC33 FXYD2 speciﬁc antibody (see
lanes 3, 4 and 5 in Fig. 1A). Given that this antibody reacts speciﬁcally
with the 10-residue C-terminal sequence of mammalian FXYD2
[9,56,61], the FXYD2 peptide or an analog is very likely present in the
C. danae gill microsomal preparation, as demonstrated for pig kidney
outer medulla Na,K-ATPase [14,44]. In addition, we sequenced a small
region of the C. danae FXYD which is very likely to be at the putative
PKA phosphorylation site (Fig. 1C–E). These sequenced fragments
possess a high degree of homology (higher than 65%) with all forms
of FXYD2 employed in the sequence alignment (data not shown).
Moreover, it has to be taken into account that the peptidesmust include
in its original sequence one K/R at the N-terminal side of these MALDI-
TOF–TOF sequenced peptides, because it is the residue taken away by
the trypsin cut. If we consider that, the homology with the PKA phos-
phorylation site would be even higher (ﬁve of the six aminoacids
from PKA phosphorylation site would be identiﬁed).
This is the ﬁrst demonstration of an FXYD protein in an inverte-
brate, and is the ﬁrst investigation to describe kinase-driven endoge-
nous phosphorylation of a crustacean gill microsomal FXYD2. Further,
the FXYD protein in the C. danae preparation is phosphorylated by
PKA in the absence of Triton X-100.
Our ﬁndings also show that incubation of the gill Na,K-ATPase with
FXYD2 increased Vmax by ≈40% for ATP hydrolysis at optimum Na+
and K+ concentrations, and enzyme afﬁnity for ATP (see Table 1).
While the FXYD2 does not alter the afﬁnities for Na+ and K+, the afﬁn-
ities for ATP and NH4+ increase 10-fold and 2-fold, respectively. Except
for NH4+ ion, these data are consistent with V-type activator kineticsFig. 7. Effect of addition of exogenous pig FXYD2 phosphorylated by PKA or PKC on Na,
K-ATPase activity in C. danae gill microsomal preparation.Aliquots (20 μg) of gill micro-
somal preparation were incubated for 20 min with increasing amounts of PKA or PKC‐
phosphorylated FXYD2 from pig kidney outer medulla. The reaction was performed for
40 min as described in Fig. 2 and was started by adding 2 mM [γ-32P]ATP. The 32Pi re-
leased by [γ-32P]ATP hydrolysis was measured as described in the Material and methods.
Data are given as the mean±standard error of four experiments (N=4) performed in
triplicate. Panel A, PKA-phosphorylated pig FXYD2 peptide. Hydrolysis rate without
PKA-phosphorylated FXYD2 was 130 nmol Pi/min/mg. Panel B, PKC-phosphorylated
FXYD2. Hydrolysis rate without PKC-phosphorylated FXYD2 was 137 nmol Pi/min/mg.
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creases Na+ afﬁnity [62]. Together with the 40% increase in Vmax seen
on adding exogenous pig FXYD2 peptide (Fig. 4), the 2-fold increase
in K+ afﬁnity suggests positive enzyme modulation by this ion, also a
novel ﬁnding. Addition of FXYD2 to the mammalian enzyme from vari-
ous sources only induces negative cooperative effects on Na+, K+ and
ATP apparent afﬁnities [14,15,63–65]. The 10-fold increase in NH4+ af-
ﬁnity of the C. danae Na,K-ATPase induced by pig FXYD2 is a striking
ﬁnding. Further, the enzyme obeys Michaelian-Menten kinetics with-
out FXYD2 (nH=1.1) but cooperative kinetics (nH=2.3) is observed
when FXYD2 is added.
Both PKA- and PKC-phosphorylated FXYD2 over-stimulate ATP
hydrolysis observed in pig kidney preparation [44]. However, in the
C. danae gill enzyme, PKA but not PKC phosphorylates the endoge-
nous FXYD2 peptide when induced by speciﬁc activators (db-cyclic
AMP and PMA). Thus, this distinct response may account for the dif-
ferent residues that may be targeted by PKA and PKC [44]. Ser47, the pu-
tative target of PKA on FXYD2, is a residue strongly conserved in all
sequenced FXYD2 forms. However, T25, part of the TVNRG sequence, is
also conserved in pig, dog, sheep andhuman FXYD2 sequences but is ab-
sent fromplatypus (Ornithorhynchus anatinus) and salmon (Salmo salar)
sequences [45]. Since the crustacean FXYD2 amino acid sequence is
unknown, it is not clear whether the lack of a stimulatory FXYD2 effect
by PKC phosphorylation reﬂects the absence of the T25 residue from the
C. danae FXYD, or stems from differential regulation of endogenous
FXYD in C. danae by kinase phosphorylation.
Aquatic crustaceans can actively excrete ammonia against a concen-
tration gradient in the presence of external NH4+ [66,67], a process driv-
en by an ouabain-sensitive gill Na/K-ATPase in which NH4+ substitutes
for K+, reducing hemolymph K+ (for review see Ref. [67] Weihrauch
et al., 2004). However, in some crustaceans, NH4+ and K+ act synergis-
tically to stimulate Na,K-ATPase activity by 30% to 40% [35,68–70].
This phenomenon is not the simple substitution of K+ by NH4+ at
the putative K+ sites since the C. danae enzyme shows 30% to 40% stim-
ulation of ouabain-sensitive ATPase activity even when the K+ sites are
fully saturated, which constitutes strong evidence for an additional NH4+
binding site [35,68]. Such synergistic stimulationmay provide additional
pumping capability necessary to extrude NH4+ against its gradient in
ammonium-rich sediments in shallow waters and mangroves [68].
One limitation of this mechanism, evident in C. danae gills, is that NH4+
concentrations above 50 mM inhibit Na,K-ATPase activity [35,68],
which contrasts with ﬁndings for the C. sapidus enzyme which is stimu-
lated at NH4+ concentrations up to 80 to 120 mM [66]. While other
mechanisms such as an apical amiloride-sensitive Na+/NH4+ antiporter
may also transport NH4+ to the external medium [29], this process
is not fully understood. A putative rhesus-like ammonia transporter to-
gether with amembrane-located V-type(H+)-ATPasemay play a role in
transepithelial NH4+ excretion in the gill epithelium of Carcinus maenas
and Metacarcinus magister [67,71]. The role of Rhesus glycoproteins in
the mechanism of ammonium excretion has received attention with
the description of upregulation of the RhproteinmRNAduring exposure
to high environmental ammonia or internal ammonia infusion as ob-
served in several aquatic animals as crabs and ﬁshes [71–74].
Our ﬁndings are of physiological relevance since C. danae can inhabit
poorly oxygenated benthic sediments in which NH4+ concentrations
may reach 2–3 mM [67,75]. The FXYD2 effect on both NH4+ afﬁnity
and ATP hydrolysis may thus impact on mechanisms of NH4+ excretion
that use the driving force of the Na,K-ATPase. The phosphorylation by
PKA of endogenous C. danae FXYD suggests a hormonally signaled
short-term response to elevated NH4+, stimulating the enzyme to in-
crease pumping capacity to allow augmented NH4+ excretion [35,70].
Few crabs directly reabsorb K+ and Na+ from their primary urine. In-
creased K+ afﬁnity and transport would also allow the gill ionocytes
to maintain transepithelial potential, since in dilute media both K+
and Na+ availability is reduced. The presence of an FXYD2 peptide in
the C. danae gill enzyme expands the number of targets available toosmoregulatory signaling mechanisms, and provides a new pathway
for short-term regulation of gill Na,K-ATPase activity.
To conclude, we envisage that the crustacean FXYD2 peptide may
play a regulatory role in responses to different kinds of stress, since expo-
sure to high extracellular NaCl, exogenous oxidants or heat shock
can inducepost-translationalmodiﬁcation of theγa FXYD2 splice variant
which is over-expressed in response to certain stimuli [76]. In mamma-
lian kidney cells, changes in osmolyte concentration affect FXYD2 ex-
pression [77] while in the Atlantic salmon, salinity stress inﬂuences
expression of various tissue-speciﬁc FXYD protein isoforms [45,78].
FXYD-9 and FXYD-11 appear to play amajor role in salmon osmoregula-
tion, since expression differs between freshwater and seawater acclimat-
ed ﬁsh [79,80]. Other teleosts like the puffer ﬁsh Tetraodon nigroviridis
and Danio rerio also exhibit salt regulated FXYD protein expres-
sion [81,82]. Further investigation is necessary to elucidate the nature
and role of the FXYD2 peptide in regulating the crustacean gill Na,K-
ATPase.
4.1. Conclusion
This paper describes the ﬁrst evidence of the occurrence of an FXYD
protein in invertebrates. We also described that this protein can be
phosphorylated by PKA in a similar way which happens to mammalian
FXYD2. Another interesting ﬁnding was that the mammalian FXYD2
readily regulates the C. danae Na,K-ATPase increasing the Vmax of the
ATP hydrolysis and the apparent NH4+ afﬁnity. As observed for the
mammalian enzyme, the activation of the C. danae enzyme was sensi-
tive to previous PKA phosphorylation of the mammalian FXYD2.
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